shaker, flooded with 15 µg/mL of anti-human P-selectin mouse IgG1 antibody (clone AK4, Biolegend, CA), and incubated for 6 h. Next, the slides were washed thoroughly with DPBS, flooded with 50 µg/mL Goat anti-mouse IgG1 Horseradish Peroxidase conjugate (SantaCruz Biotech, CA), and incubated for 4 h with constant shaking. The slides were then washed again, placed on a clean pertidish flooded with 300 µL of UltraTMB (Thermo Fisher Scientific, IL), and incubated for another 30 min with slow shaking on orbital shaker. After the completion of the reaction, 100 µL of the stop buffer (2 N H 2 SO 4 ) was added to the slide, the solution was transferred to a well plate, and the absorbance was measured using a plate reader (Tecan 200Pro). Standard calibration curve was generated by mixing known amounts of HRP conjugated secondary antibody to 300 µL of UltraTMB in a well plate and allowing the reaction to proceed for 30 min before adding the stop buffer and measuring the absorbance in a plate reader. The Pselectin density was found to be ~500 sites/µm 2 for HL-60 separation substrates and ~1100 sites/µm 2 for blood separation substrates.
Fabrication of microfluidic channels
The microfluidic channel was made using soft lithography. The design of the channel used in separation experiments is shown in Figure S1 . The master mold of the channel was created on a silicon wafer using SU-8 photoresist by photolithography. The thickness of the SU-8 layer measured using a profilometer (Dektak) was found to be 95 µm with a maximum deviation of ±4 µm across the wafer. The silicone elastomer Polydimethoxysilane (PDMS) (Sylgard 184, Dow Corning Corp, MI) and curing agent were mixed in 1:10 ratio and poured on the master to form a layer 5-8 mm thick, degassed to remove trapped air, and cured at 80°C. The mold dimensions included a 1.2% shrinkage allowance in order to account for the thermal shrinkage of the cured PDMS. After curing, the PDMS was removed from the master, cut to size, and punched to create inlet and outlet ports. A vacuum port was also punched over the vacuum suction area.
Assembly of the device
A customized alignment tray with slots to hold the substrate during alignment was illuminated from the bottom to aid visualization of the alignment markers included on the substrate and the PDMS component. The protein-immobilized substrate was removed from the BSA solution, washed, and placed in the alignment tray slot that was pre-filled with DPBS. The inlet and outlet tubing were connected to the PDMS component, and the inlet flows were started in order to expel all trapped bubbles. Next, the PDMS component was aligned with the substrate while remaining submerged throughout the process, after which the vacuum was applied. The assembled device was then removed from the alignment tray and placed on the stage of an inverted epifluorescence microscope (Nikkon TE-2000U). Using this method of alignment, errors in alignment between the patterned substrate and the PDMS microchannel was limited to less than 50 µm.
Experimental setup for cell separation
The experimental apparatus is shown as a schematic in Figure S2 . The cells were injected and collected in polypropylene pressure vessels (Sigma) while the buffer was injected using a syringe pump (PhD Ultra, Harvard Apparatus) and glass syringes (Hamilton Co). PTFE tubing (Cole Parmer) was used for interfacing with the device. The ratio of buffer to cell sample flow rate was adjusted by controlling the inlet pressure, while the fraction of the outlet flow that is collected as sorted stream was adjusted by controlling the outlet pressure.
HL60/K562 separation experiment
HL60 cells and K562 cells were stained using Cell Tracker Red and Cell Tracker Green (Invitrogen) respectively and mixed in approximately 1:1 ratio to a final concentration of 10 6 cells/mL in cell culture media. The mixture was injected alongside a Dublecco's Phosphate Buffered Saline (DPBS) (containing Ca 2+ and Mg 2+ ) buffer stream into the assembled separation device. The inlet pressure was adjusted such that the cell stream occupied about 10% of the channel width (ratio of the flow rates of cell to buffer streams around 1:9). The wall shear stress inside the channel is a critical parameter that modulates attachment rate and rolling velocities and was calculated (assuming plain Poiseuille flow) from the equation
where τ is the wall shear stress, w and h are channel width and height respectively and µ is viscosity of the buffer. We performed experiments at different shear stresses ranging from 0.2 dyn/cm 2 up to 1.5 dyn/cm 2 and found that lower shear stresses promoted a tendency of the cells to get stuck on the substrate, while higher shear stresses significantly decreased the cell-surface attachment rate, reducing the separation efficiency. A shear stress of 0.5 dyn/cm 2 was found to be optimal for overall device performance and was used in the reported experiments.
The flow of cells within the channel was recorded by taking time lapse images of the cells at particular channel locations without P-selectin patterns in different fluorescence channels. Positions of at least 200 flowing cells of each type were recorded and analyzed using the software ImageJ (NIH). The number of cells flowing per unit time at different positions across the channel width was converted to frequency histograms, which were normalized using the total area under the curve to obtain the probability distribution function (PDF) representing the flux of the cells, shown in Figure 2b and Figure S3 .
The sorted and the waste samples were collected in separate polypropylene vials (Sigma) which were initially filled with 100 µL of cell media. Flow cytometry analysis was performed within 3 h of collection of the samples in order to determine the purities. The recovery was calculated from the equation: r = p s (p w −p i )/[p i (p w −p s )]×100 where p i , p s , p w are the purity of the input, sorted and waste fractions respectively. The detailed derivation of the above equation is described in the section "Estimation of cell recovery" below.
Neutrophil separation from whole blood and sample analysis
All experiments involving human samples were approved by the Committee On Use of Humans as Experimental Subject (COUHES) at MIT and the BWH Institutional review board. Blood was collected from consenting adult healthy donors who had not taken aspirin or other NSAIDs within 48 h prior to blood withdrawal. Blood was collected in 1.5 mL citrate vacutainers (3.2% buffered sodium citrate) (3) and was immediately used for experiments.
The buffer were used in this experiment was made by supplementing DPBS with 30 µM CaCl 2 (Sigma) and 200 units/mL of Polymxin B. The experiment was set up as described before using sterile collection vials. The input sample which consisted of either whole anticoagulated blood or diluted blood (whole blood mixed with buffer in 1:1 ratio) was injected parallel to the buffer stream at a total wall shear stress of 0.5 dyn/cm 2 . This wall shear corresponds to a 5.18 µL/min of buffer flow rate and 0.25 µL/min blood flow rate, with a width of the input (blood) stream at ~10% of the channel width. The sorted neutrophils were either collected in HBSS (-/-) on ice (for the viability, activation and phagocytosis assay) or in a 1% formaldehyde solution (for determining purity through FC).The outlet pressure was adjusted so as to collect 20% of the net flow into the sorted stream.
For the purpose of purity determination, the samples were re-suspended in cell staining buffer (Biolegend, CA) and stained using the antibody cocktail -anti CD14-V450 and anti CD66b-PE from BD Pharmigen, anti CD45-FITC from Biolegend , and anti CD235a-APC (GlycophorinA) from eBioscience Inc., CA following manufacturer's protocols. Erythrocytes were lysed only in the input and waste sample and each sample was analyzed using BD LSR Fortessa flow cytometer. The gates were defined using a positive control which was prepared by taking whole blood, depleting the erythrocytes though lysis followed by addition of 10 6 erythrocytes per milliliter of original blood sample; the reduction of erythrocyte concentration ensures that the antibody staining intensities are similar to those expected in the sorted sample and was hence important for defining the proper gates. Appropriate isotype matched controls were used for defining negative gates.
To perform hematological staining of the sorted cells we added 100 µL of the sorted sample on a poly-LLysine cover slip and allowed the cells to attach to the glass surface. The cover slips were then air dried, fixed in methanol and stained using eosin and azure B (VWR LLC) followed by washing in pH 6.8 buffer. The stained cells were analyzed on an inverted microscope in bright field.
To detect activation of blood, the microfluidic device design was slightly modified to include four independent 10 cm long channel on a single chip. Blood was collected in citrate vaccuitainer as before and four aliquots of 250 µL each were immediately made. Next, 25 µL of buffer (DPBS), Lipopolysaccharide (Sigma) (10 µg/ml in DPBS), Tumor Necrosis Factor -α (Biolegend) (10 µg/mL in DPBS each) and Platelet Activating Factor (Sigma) (1 µg/mL in DPBS) were added in each tube and incubated for 30 min at room temperature. Then the four samples were diluted (1:1) in running buffer and injected in each separated channel. The experimental setup and flow parameters were similar to that in separation experiment, except the outlets of the channels were connected to a waste collection tube. Time lapse images were taken at the exit of each channel at regular intervals and were manually analyzed to obtain unbiased counts of cells separated from the blood stream (i.e. all cells separated from the blood stream were counted). The experiment was performed in triplicate with independent samples.
Estimation of cell recovery
The recovery (or efficiency of separation) is defined as the fraction (%) of the target cells that are collected in the sorted sample, while purity of a sample refers to the fraction (%) of the total cells in the sample which comprises the target cell population of interest. Purity was directly measured using flow cytometry. The method for calculating the recovery by directly measuring the absolute cell counts in the input, sorted and waste streams is prone to pipetting errors and cell loss during sample preparation for flow cytometry. Here we used an indirect method to obtain the cell recovery from purity of the three samples. Below, we detail the mathematical derivation. In neutrophil separation experiments using diluted blood, based on the percentage of neutrophils in the samples and using the above formula we found the recovery of neutrophils to be ~67% (Input: 62.2%, Sorted: 91.9%, Waste: 37.75%). Neutrophil recovery was also independently measured to corroborate the finding from the purity data. We obtained time lapse images at the channel exit at regular intervals (between 40 -90 min of injection) that were manually analyzed to determine the average flux of the sorted neutrophils. The neutrophil recovery was determined to be 68.5% based on the flux of the sorted neutrophils and flux of input neutrophils (obtained from the measured concentration of neutrophils in the input sample and the flow rate of blood).Thus we estimate the recovery of neutrophils to be between 65-70%.
Determining the P-selectin binding affinity of cells
PSGL-1 is the major ligand for P-selectin and is known to be broadly expressed on all leukocytes (4).
However not all forms of expressed PSGL-1 are functional and hence there is variability between the myleiod and lymphoid population in terms of rolling on P-selectin surfaces (5). Hence, instead of using anti-PSGL-1 antibody, we directly tested the affinity of the cells toward P-selectin binding by using fluorescent P-selectin complexes. The staining solution was made by mixing P-selectin-Fc (R&D systems), biotinylated anti-Human Fc (Sigma) and Streptavidin-PE (Biolegend) at a final concentration of 10µg/mL, 40 µg/mL, and 40 µg/mL, respectively in 1% BSA solution in DPBS containing 1mM CaCl 2 (Fig. S7a) . The samples (whole blood and sorted cells) were washed and resuspended in 100 µL of cell staining solution. A nuclear staining dye Hoechst 33342 (Invitrogen) was then added to the solution at 5µM final concentration and the sample was kept on ice for 30 min in dark. Next, the samples were washed, resuspended in the staining buffer and analyzed within 30 min on a flow cytometer. Leukocytes were gated using Hoechst fluorescence (Pacific blue channel) and forward scatter. Whole blood stained with a mixture of streptavidin-PE and biotinylated anti-human Fc was used as negative control to determine non-specific binding of streptavidin to the cells. In whole blood two clear populations of leukocytes emerged -one that bind to P-selectin avidly (~47%) and the non-binders (~53%). However majority of the sorted fraction (~91%) consisted of the strong P-selectin binding cells (Fig S7b) .
Measuring activation of sorted neutrophils
For measuring the activation of the neutrophils an antibody cocktail consisting of CD66-FITC, CD62L-Brilliant Violet and CD11b-PE (all purchased from Biolegends Inc.) was used. An aliquot of whole blood was immediately placed on ice after collection and stained with the antibody cocktail followed by RBC lysis and simultaneous fixation using RBC Lysis/Fixation solution (Biolegend). The sorting experiment was performed as described earlier using diluted blood (1:1) at room temperature and the sorted neutrophils were collected in HBSS buffer inside sterile tubes which were placed on ice. After collection, the sorted cells were washed and resuspended in cell staining buffer, and stained with antibody cocktail followed by fixation. All centrifugation washing steps were done at 4 o C and the samples were analyzed using BD LSR Fortessa flow cytometer. Neutrophils were gated using forward scatter and CD66 staining and the expression of L-selectin (CD62L) and Mac-1 (CD11b) was compared for the different samples. Whole blood incubated with LPS (1 µg/mL for 30 min at 37 o C) was used as positive control (activated neutrophils).
Neutrophil phagocytosis assay
pHRoho® E.Coli bioparticles (Invitrogen) were used to determine phagocytotic activity of the sorted neutrophils. The assay consists of E.Coli particles tagged with pHRodo. This pH-sensitive dye becomes fluorescent at low pH environments such as those found inside phagosomes, which helps to distinguish between particles attached to the cell from those that are internalized.
The bioparticles were reconstituted in buffer at a concentration of 1mg/mL and the particle count was determined using a hemacytometer. For the phagocytosis assay the sorted cells (collected in HBSS on ice) were resuspended in autologous plasma (prepared beforehand by removing the cells in whole blood through centrifugation). The bioparticles were added in excess (greater than 1000 particles per neutrophil) to 200 µL samples of whole blood or sorted cells and incubated at 37 o C for 1 h. Whole blood without the bioparticles kept at 37 o C and whole blood with the bioparticles kept on ice (to measure baseline fluorescence of attached but non-internalized particles) served as negative control. At the end of 1 h 200 µL of ice cold stop solution (6) (1% FBS in HBSS with 2 mM of NaF) was added to each sample followed by washing to remove unbound particles. All further washing and resuspension steps were performed with the stop solution at 4 o C. Next, the samples were stained with CD66-FITC, washed and immediately analyzed using a flow cytometer. Neutrophils were gated using forward scatter and FITC fluorescence and phagocytosis was measured using the fluorescence in PE channel. Whole blood with bioparticles kept on ice was used to define the extent of positive gates (Fig. S8) . We found that level of phagocytosis was similar in whole blood and sorted cells -90.2% and 92% respectively (Fig. S8 ).
Supplementary Note: Mathematical Modeling

Model description
The coordinate convention and the nomenclatures used in the model are shown in Figure S5 . There are two primary length scales associated with the transport of rolling cells in the microchannel. First is the length scale associated with the settling of the cell to the bottom of the channel under the action of gravitational force which is estimated using a formulation similar to Zang & Neelamegam (7). The settling velocity for a cell of radius r is given by (8):
  ( 1) where ρ m and ρ c are fluid and cell densities, g is gravitational acceleration and µ is the viscosity of medium. The convection velocity of the cell is affected by the presence of the wall -an effect which becomes dominant in small confinements. To account for it, we assumed that the convection velocity is equal to the local flow velocity if the separation from the wall is greater than 0.2h (h is channel height), while the convection velocity of the cells closer to the wall than 0.2h is estimated using the equation derived by Goldman et.al. (9) . For a channel of height h, the cell convection velocity is given by:
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The second length scale in the process is associated with the actual separation of the settled cells and is affected both by the probability of attachment to the patterns and deflection by the edges. We learnt from the experiments that cells flow freely with the fluid till they get captured on a ligand patterned band after which they track the edge getting displaced laterally and eventually detaching, usually reattaching to the immediate pattern downstream. Interestingly, this process of detachment and reattachment continues until after a detachment event the cell fails to attach to the downstream band and re-enters the free stream, after which the whole cycle may be repeated. More than 120 HL60 cells were tracked and it was found that on an average 90% of the detached cells attached to the next immediate pattern, 5% attached to the second pattern while the rest did not attach in the image frame (>5 stripes after the detachment) and were assumed to have returned to free flowing velocity. For simplicity, we assume that the reattachment probability P 0 refers to the attachment only to the next immediate pattern and is 0.95 for the HL60 experiments.
Unlike P 0 , it is difficult to experimentally determine the free stream attachment probability P  since very few free flowing cells attached in a given image frame. Using the current microfluidic device, we performed experiments where free flowing HL60 cells (gravitationally settled inside the channel) were introduced to a series of P-selectin stripes at different positions in the microchannel and time lapse images were acquired continuously. The images were manually analyzed and the probability of attachment of cells (P attach ) was obtained as the fraction of cells which attached in the given image area. Since the attachment of the cells follows a binomial probability, the total probability that a cell attaches to at least one stripe out of 'n' stripes it encounters is given by:
. The above formula is used to determine P  from the values of P attach and 'n' obtained from image analysis. Our experiments yielded an average value of P  = 0.027 with 95% confidence bounds between 0.015 -0.038. We ran the Monte Carlo simulation (described later) with different values of P  and obtained an excellent match with the experimental result for P  = 0.007, which is only in modest deviation from the range of values determined experimentally. The experiments for determining P  were performed with lower number of cells unlike the separation devices where a large number of cells compete for relatively limited rolling area, which might explain the lower value of P  at which the simulations matched experimental results.
Rolling of HL60 cells on asymmetric receptor patterns have been characterized by us previously (11) , and it was found that the tracking length on a single pattern edge exhibited a exponential distribution which was a strong function of the inclination angle of the pattern (α), amongst other parameters. We measured the edge tracking lengths in our current system from independent experiments and confirmed that the events were exponentially distributed as expected (Fig. S6) ; the mean of the fitted curve (average edge tracking length l e ) was found to be 23.96 µm for HL60 cells (95% confidence bound between 22.13 -25.79 µm) compared to 67.32 µm for neutrophils (95% confidence bound between 65.32 -69.32 µm).
Monte Carlo simulation
The numerical scheme was implemented using a custom code in the commercial software MATLAB (Mathworks, Inc.). The values of the parameters used for the simulation were g = 9.8 m/s , w c = 100 µm, w p = 850 µm. The cells were assumed to be uniformly distributed at the entrance of the device and the starting position of a cell was calculated by random sampling of the cross section of the cell stream. Trajectory of the settling cell was calculated by solving the coupled differential equations Eq. (2,3) using a variable order solver. Once the cell settled, its x-position in the channel was incremented iteratively. As the cell passed over each band, the attachment state was decided by generating a random number and comparing it with the attachment probability (P 0 or P  depending on the previous attachment history of the cell). The tracking length of a rolling cell on an edge was calculated by generating a random number based on exponential distribution by inverse transform sampling. The above steps were repeated until the x-position of the cell exceeded the upper limit (the desired length of separation) or the cell travelled into the non-patterned region (for simulating cell distribution Fig. 3b ). The position of the cell was recorded at every step. The simulation was performed for 10,000 cells to calculate the cell distribution and mean displacement.
Scaling model for evolution of cell distribution
In this section we derive a simple model for evolution of the distribution of cells within the channel. We assume that the cells are already settled when they enter the separation channel and thus neglect the gravitational settling length. For the given free stream attachment probability P  , on an average a cell is expected to cross 1/P  bands before getting attached. Similarly for a reattachment probability of P 0 , the cell will roll on 1/(1-P 0 ) bands before returning to free flow. Thus, the effective attachment probability P eff -defined as the ratio of the number of bands to which the cell attached to the number of bands the cell crossed -can be derived as:
If at given length L of the channel the mean displacement of the population of cells is D, then the total number of bands on which the cell attached is
. Using the effective attachment probability, L can be estimated as:
where b is the perpendicular distance between the edges of the bands (Fig. S5) . The first term represents the actual number of bands that the cells cross, while the second term is the added length in x-direction that the cells travel while tracking the edge. The above expression can be rearranged to get:
where D * and L * are the non-dimensional mean displacements and length given by
Since the length travelled along each edge by the cells follows an exponential distribution, the sum of all the edge tracking lengths for a cell is expected to follow a gamma distribution for which the ratio of the standard deviation to the mean of the distribution is expected to be:
For large values of N eff (or large values of L), the second term in Eq. (6) is small compared to the first term and hence N eff can be approximated as N eff ≈ (L.P eff .sinα)/b, which when combined with Eq. Schematic showing the steps involved in making the fluorescent P-selectin complexes. b) Flow cytometry was used to measure the binding of P-selectin complexes to the leukocytes in input and sorted fractions. Leukocytes were gated using nuclear staining by Hoechst 33342. Whole blood stained with streptavidin-PE and antibody complex (without P-selectin) was used as negative control.
Supplementary Figure S8 : Phagocytosis activity of neutrophils in whole blood and sorted fraction.
Supplementary Movie legends
Supplementary Movie 1: Rolling of HL60 cells on P-selectin coated gold patterns inside the separation device. Passivated fluorescent beads (diameter 10 µm) were added to the buffer stream to visualize the streamlines. The shear stress is 0.5 dyn/cm 2 and the video is played at 10x of actual speed.
Supplementary Movie 2:
Separation of neutrophils from human blood inside the separation device. A part of the blood stream can be seen at the bottom while the neutrophils can be seen tethering from the blood onto the patterned surface. The rolling neutrophils follow the edge of the patterns and emerge out on the sorted side. The shear stress is 0.5 dyn/cm 2 and the video is played at 10x of actual speed.
Supplementary Movie 3:
Separation of neutrophils from normal blood vs. activated blood (LPS)
inside the separation device. While neutrophils in normal blood roll on the patterns and gets separated from the blood stream, activated neutrophils do not attach to the surface and no separated cells are observed. The shear stress is 0.5 dyn/cm 2 and the video is played at 4x of actual speed.
